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It	 is	 now	 very	 difficult	 to	 find	 a	 construction	 site	 that	 does	 not	 utilise	 any	 geosynthetic	
products.	 Materials	 used	 in	 the	 manufacture	 of	 geosynthetics	 are	 primarily	 synthetic	
polymers	–	generally	derived	 from	 the	by-products	of	 the	oil	 industry.	As	a	 result	of	 the	
finite	 nature	 of	 these	 raw	 materials	 and	 their	 associated	 pollution	 streams,	 there	 is	
growing	pressure	to	use	renewable	resources	for	sustainable	production.	Also,	the	majority	





This	paper	presents	an	overview	of	an	extensive	 study	 that	has	been	undertaken	on	 the	
development	 of	 reinforcing	 LLGs	 manufactured	 from	 renewable	 and	 biodegradable	
vegetable	 fibres	 for	 short-term	 applications.	 Initially,	 structural	 form	 is	 considered.	 It	 is	
shown	 that	 LLGs	 can	 have	 tensile	 strength	 of	 up	 to	 100	 kN.m-1,	 which	 is	 directly	
comparable	to	a	mid-range	geosynthetic	product.	The	shear	 interaction	properties	of	the	
LLGs	 was	 then	 compared	 to	 a	 number	 of	 different	 commercially	 available	 geotextile	
structures	 –	 manufactured	 from	 both	 natural	 and	 synthetic	 materials.	 The	 results	
demonstrate	 that	 coefficient	 of	 interaction	 values	 of	 around	 unity	 can	 be	 achieved	with	
these	 LLGs.	 This	 is	 about	 20–25%	more	 shear	 resistance	 than	 their	 synthetic	 equivalent.	
The	difference	stemming	primarily	from	the	coarseness	of	the	vegetable	fibres	themselves	
but	also	 from	the	novel	 structural	 form.	 In	 terms	of	 longevity,	durability	 tests	have	been	















The	 construction	 industry	over	 the	 last	 two	decades	has	experienced	a	 global	boom.	This	
has	placed	a	large	demand	on	natural	resources.	It	is	now	very	difficult	to	find	a	construction	
site	that	does	not	utilise	any	geotextile	products;	over	the	last	decade	the	geotextile	market	
has	 been	one	of	 the	most	 thriving	 sectors	 in	 the	 technical	 textile	 industry.	 By	 the	 end	of	
2017	it	is	predicted	that	just	over	five	billion	square	metres	of	geotextiles	would	have	been	
produced,	with	an	associated	market	value	of	around	£7	billion	pounds	(GBP).	Geotextiles	
are	 used,	 on	 a	 vast	 array	 of	 construction	 sites,	 to	 perform	one	 of	 five	 primary	 functions,	
namely:	 drainage,	 filtration,	 protection	 (erosion	 control),	 reinforcement	 and	 separation.	
Depending	on	the	application,	these	functions	can	perform	in	isolation	or	simultaneously.		
	
The	 environmental	 effects	 of	 geotextiles	 manufactured	 from	 synthetic	 materials	 are	
twofold;	firstly,	for	short-term	application,	an	alien	residue	is	left	in	the	ground	that	will	not	
biodegrade	 once	 the	 geotextile	 has	 served	 its	 purpose;	 secondly,	 and	more	 indirectly,	 by	
polluting	the	environment	through	the	process	of	obtaining	the	raw	materials,	 i.e.	burning	
and	flaring	of	oil	and	gas.	With	the	need	to	embrace	more	sustainable	development	to	meet	
the	 triple	 bottom	 line	 on	 economic,	 environment	 and	 social	 security.	 It	 has	 now	become	
imperative	 to	 use	 more	 environmental	 friendly	 resources	 to	 manufacture	 construction	
materials.	
	
At	 present,	 limited-life	 geotextiles	 (LLGs)	 are	 constrained	 to	 woven	 and	 nonwoven	 grid	
structures,	and	 their	main	use	 is	 for	erosion	control.	They	are	manufactured	 from	a	small	
range	 of	 fibres,	 primarily	 jute	 and	 coir,	 as	 illustrated	 in	 Table	 1.	 Jute	 is	 easy	 to	 cultivate,	
widely	available	on	a	commercial	scale,	cheap,	biodegradable	and	can	hold	five	times	its	own	
weight	of	water.	All	these	factors	(especially	the	 last	two)	make	it	 ideally	suited	for	the	 initial	
establishment	of	vegetation,	which	in	turn	provides	a	natural	erosion	prevention	facility.	By	the	
time	 vegetation	 has	 become	 well	 established	 the	 jute	 has	 started	 to	 rot/break	 down	 and	
disappear	(6	to	12	months),	without	polluting	the	land.	Coir	has	also	been	used	as	geotextiles,	





	 Unit	 Geo	Jute	 Geo	Coir	 Geo	coir		
Type	 	 Woven	 Woven	 Nonwoven	
Thickness	 mm	 3	 5	 12	
Yarn	count,	warp	 No.	 78	 130	 –	
Yarn	count,	weft	 No.	 42	 70	 –	
Mass/unit	area	 g.m-2	 460	 900	 820	
Open	area	 %	 60	 39	 –	
Wide	width	tensile,	dry	warp	x	weft	 kN.m-1	 4.4	x	2.6	 27.8	x	9.3	 0.23	x	0.23	
Wide	width	tensile,	wet	–	warp	x	weft	 kN.m-1	 1.8	x	0.9	 21.4	x	6.8	 –	
Elongation	at	failure,	dry	–	warp	x	weft	 %	 10	x	10	 68	x	32	 19	x	19	
Elongation	at	failure,	wet	–	warp	x	weft	 %	 11	x	11	 82	x	49	 –	








0.4	 to	 0.6	 N.tex-1,	 which	 is	 directly	 comparable	 to	 that	 of	 polyester	 of	 around	 0.4	 N.tex-1	
(Leflaive,	 1988).	 Also,	 vegetable	 fibres	 are	 much	 coarser	 than	 their	 synthetic	 equivalent,	








a	geotextile	(Fig.	1b).	Therefore,	 if	they	are	used	 in	 intimate	association	with	each	other	a	
composite	material	can	be	formed,	which	is	good	in	both	compression	and	tension	(Fig.	1c).	




tensile	 load	 will	 be	 taken	 by	 the	 geotextiles.	 Effectively,	 this	 provides	 an	 in-built	 lateral	




































Short-term	 reinforcing	 applications	 are	 frequently	 used	 to	 provide	 temporary	 support	 to	
engineered	 structures	 until	 excess	 pore	 water	 pressure	 has	 dissipated	 and	 the	 soil	 has	




embankment.	 This	 corresponds	 to	 a	decrease	 in	 the	 shear	 strength	of	 the	underlying	 soil	
and	 can	 result	 in	 the	 embankment	 failure,	 e.g.	 splitting,	 circular	 rotation	 and	 excessive	
settlement	(Fig.	2a).	However,	when	a	basal	geotextile	is	used	at	the	interface	between	the	
embankment	 fill	 and	 underlying	 soft	 soil,	 the	 restraining	 lateral	 load	 provided	 by	 the	
geotextile	 prevents	 the	 embankment	 from	 splitting	 or	 introduces	 a	 moment	 to	 resist	
rotation	(Fig.	2b).	Settlement	can	still	be	extensive	in	the	underlying	soil;	the	geotextile	will	
however	ensure	 it	will	be	more	uniform.	This	 type	of	 settlement	can	be	compensated	 for	
during	 construction.	 The	 stability	 of	 the	 embankment	 will	 improve	 in	 time	 as	 the	 excess	
pore	 water	 pressure	 in	 the	 underlying	 soil	 dissipates.	 Effective	 stress	 will	 then	 prevail	
resulting	 in	 the	 stabilising	 force	 from	 the	 basal	 reinforcement	 being	 surplus	 to	
requirements.	Typically,	 this	timescale	could	be	anywhere	from	a	few	months	up	to	a	few	




























The	deterioration	of	 any	material	 is	 the	 influence	 the	 environment	has	 on	 the	properties	
with	the	passage	of	time;	this	is	particularly	true	for	natural	materials,	such	as	LLGs.	There	
are	 numerous	 factors,	 which	 could	 affect	 the	 ageing	 process	 such	 as	 chemical	 (acid	 and	
alkaline)	 and	 biological	 (microorganisms)	 deterioration.	 The	main	 question	 is	 how	 long	 a	








with	the	surface	roughness	 features	of	 the	geotextile,	 i.e.	 soil	 sliding	and	the	capability	of	
the	soil	to	embed	the	fabric.	The	latter	is	related	to	the	geotextile’s	apertures	relative	to	the	
particle	 size	 of	 the	 soil,	 which	 influences	 both	 bond	 and	 bearing	 resistance	 as	 shown	 in	
Figure	3.	Bond	 resistance	 is	developed	when	soil	particles	embed	within	 the	geotextile	 to	
retain	soil	particles	in	the	apertures,	such	that	adjacent	soil	above	and	below	the	geotextile	




The	 coefficient	 of	 interaction	 (µ)	 is	 used	 to	 determine	 the	 efficiency	 of	 geotextiles	 in	
developing	shearing	resistance.	The	value	 is	defined	by	the	ratio	of	 the	 friction	coefficient	
between	soil	and	geotextile	(tan	d)	to	that	of	the	friction	coefficient	for	soil	along	(tan	f),	as	

















for	 soil	 reinforcement	 has	 not	 been	 investigated	 in	 depth	 because	 of	 preconceived	 ideas	
concerning	 the	 durability,	 strength,	 extensibility	 and	 manufacturing	 capability	 of	 these	
natural	 materials.	 Their	 use	 has	 therefore	 been	 confined	 to	 erosion	 control	 applications.	
There	 are	 however	many	 ground	 engineering	 situations	where	 reinforcing	 geotextiles	 are	















suitability	 of	 these	 LLGs	 can	 be	 identified	 as	manufacturing	 feasibility,	 tensile	 properties,	
soil/geotextile	interaction	and	durability.	To	be	usable	these	materials	must	satisfy/fulfil	all	
of	the	foregoing	criteria	to	some	degree.	Therefore,	the	overall	approach	of	this	study	was	
not	 to	 ‘design’	 and	 ‘test’	 for	 a	 specific	 reinforcing	 application,	 but	 to	 determine	whether	
acceptable	balances	of	properties	and	performance	 can	be	achieved.	A	potential	use	of	 a	
LLG	 for	 a	 short-term	 reinforcing	 application	 is	 then	 concluded,	 in	 this	 paper,	 by	 the	
development	 of	 a	 computational	 finite	 difference	 model.	 The	 aim	 of	 this	 model	 is	 to	
illustrate	 how	 effective	 stress	 conditions	 will	 govern	 in	 time	 as	 the	 excess	 pore	 water	











The	 first	 aim	of	 this	 research	work	was	 to	develop	 a	novel	 ‘designer’	 geotextile	 structure	
made	 from	 vegetable	 fibres	 which	 would	 be	 suitable	 for	 reinforcing	 applications.	 This	 is	




LLG	structures	 for	erosion	control	applications	have	been	mainly	plain	weave	 jute	or	 coir.	
Nonwoven	 structures	 made	 from	 jute,	 coir	 and	 flax	 have	 also	 been	 used	 for	 mulching	
applications.	 Both	 of	 these	 types	 of	 structures	 have	 their	 limitations	 (woven	 structures	
exhibit	 high	 elongation	 and	 nonwoven	 structures	 have	 low	 strength	 together	 with	 high	
elongation)	and	are	unable	to	form	geotextiles	with	the	properties	and	flexibility	possessed	
by	 knitted	 structures,	 particularly	 directionally	 structured	 fabrics	 (DSF).	 These	 fabrics	









design	 of	 the	 mechanism	 which	 links	 the	 carriages	 on	 both	 beds.	 The	 initial	 aim	 of	 the	















Output	 of	 load	 and	 extension	 was	 data	 logged	 to	 an	 accuracy	 of	 10	 data	 points	 every	
second.	 The	overall	 dimensions	 (including	apertures	 and	abutments)	of	 the	 samples	were	
determined	manually	 –	 the	 thickness	was	 determined	 from	 the	 ‘Shirley	 Thickness	Gauge’	











was	 then	 laid	 over	 the	 lower	 half	 of	 the	 shear	 box	 containing	 the	 Leighton	 Buzzard	 sand	
(LBS),	which	was	 flush	with	 the	 top	of	 the	 lower	 shear	box.	A	hydraulic	 ram	was	used	 to	
apply	a	vertical	load	and	a	load	transducer	measured	the	applied	pressure,	enabling	a	direct	
measurement	of	 the	vertical	 stress	 to	0.5	kN.m-².	 It	was	also	possible	 to	keep	 the	normal	
stress	constant,	whilst	 the	sample	was	dilating,	by	 the	 load	transducer.	A	100	kN	capacity	
proving	 ring	was	used	 to	measure	 the	 shear	 force	and	 this	enabled	 the	 shear	 force	 to	be	
recorded	 directly	 to	 0.08	 N	 (equivalent	 to	 a	 shear	 stress	 of	 0.9	 kN.m-²).	 The	 relative	
horizontal	 displacement	 of	 the	 two	halves	 of	 the	 shear	 box,	 the	 change	 in	 sample	 height	
during	shearing	and	the	vertical	displacement	of	 the	top	four	corners	of	 the	upper	half	of	
the	shear	box	were	monitored	by	linear	dial	gauges	reading	directly	to	0.01	mm.	The	tests	




thickness	 using	 a	 vibrating	 hammer	 and	 tamping	 plate	 to	 a	 predetermined	 thickness	 to	




whilst	maintaining	an	accuracy	of	±0.01	Mg.m-³	 from	the	mean	dry	density	 in	 subsequent	
shear	box	tests,	as	recommended	by	BS	6906:	Part	8	(1991).	
	
Nominal	 effective	 normal	 stresses	 of	 41, 68, 95 and 123 kN.m-2,	 to	 represent	 the	 likely	
range	of	soil	pressures	which	would	apply	to	field	situations,	were	applied	to	the	samples.	
These	represented	the	actual	weight	above	the	shear	plane,	 i.e.	 the	applied	pressure	plus	
the	weight	of	 the	 soil	 in	 the	upper-half	of	 the	 shear	box,	 the	upper-half	of	 the	 shear	box	
itself	and	the	top	platen.		
	
The	 LBS	was	 sheared	with	 no	 geotextile	 in	 the	 shear	 box	 (referred	 to	 as	 ‘plain’	 sand)	 to	






especially	 so	 for	 biodegradable	 vegetable	 fibre	 products.	 Physical	 and	 chemical	
deterioration	 conditions	 are	 commonly	 simulated	 in	 the	 laboratory	 under	 separate	
conditions.	It	is	however	recognised	(Horrocks,	1996)	that,	in	combination,	these	two	effects	









The	 test	 rig	 consisted	 of	 the	 durability	 boxes	 positioned	 on	 a	 loading	 frame;	 all	 of	which	
were	housed	in	a	controlled	room	which	had	a	temperature	and	relative	humidity	of	20–22	
°C	and	60–65%	respectively,	in	accordance	to	BS	EN	12224	(2000).	Each	box	was	designed	to	






Each	geotextile	 strip	was	 loaded	by	a	spring	mechanism	via	a	bracket	 fixed	 to	 the	 racking	
system	 to	 5%	 of	 the	 geotextile’s	 maximum	 strength.	 The	 spring	 was	 adjusted	 at	 regular	
intervals	to	compensate	for	any	creep	in	the	geotextile,	hence	maintain	a	constant	load.	To	


















this	 base	 structure	were	 then	developed	 to	provide	 the	 specific	 properties	 required	 from	
geotextiles	to	strengthen	soil,	essentially:			
1) The	 geotextile	 was	 designed	 to	 have	 the	 highest	 possible	 number	 of	 straight	 high	
strength	 inlay	yarns	 in	one	direction,	with	the	base	fabric	structure,	made	from	thinner	
more	flexible	weaker/cheaper	yarns,	holding	the	inlay	yarns	in	place.		
2) Coarse	yarns	 together	with	abutments	and	apertures	 in	 the	geotextile	were	created	 to	
produce	high	shear	resistance	in	the	machine	direction.	
3) A	sacrificial	base	structure,	 formed	from	a	cheaper	more	degradable	yarn,	was	used	to	
encapsulate	 the	high	 strength	yarns.	By	providing	protection	 to	 the	high	 strength	 inlay	
yarns	the	necessity	to	introduce	a	 large	reduction	factor	 into	the	design,	to	account	for	
installation	damage	from	certain	types	of	fill/plant,	is	minimised.		
4) To	achieve	different	durability	 rates	high	strength	 inlay	yarns	could	be	wholly	or	partly	
changed	for	a	more	durable	yarn	in	aggressive	ground	conditions.		
	
Figure	 5	 illustrates	 the	 base	 structure	 that	 was	 developed	 to	 address	 the	 above	
manufacturing	 design	 characteristics.	 Essentially	 the	 structure	 is	 a	 directionally	 structure	
1x1	 knitted	 rib,	 with	 alternate	 wales	 of	 face	 loops	 on	 each	 side.	 The	 inlay	 yarns	 are	
encapsulated	 within	 the	 knitted	 structure	 by	 the	 cross	 meshing	 between	 the	 face	 and	
reverse	 wale	 loops.	 This	 ensures	 the	 structure	 remains	 flat	 when	 cut	 and	 has	 a	 good	
resistance	to	tear.	Variations	 in	both	the	 inlay	and	knitting	yarns	were	possible.	To	reduce	
the	number	of	variables,	three	combinations	of	the	base	knitted	structure	were	used	in	this	
testing	 programme,	 namely:	 (1)	 sisal	 inlay/knitted	 flax;	 (2)	 sisal	 inlay/knitted	 jute	 and	 (3)	




























1	 Sisal	inlay/knitted	flax	 110	 8	 4	 32	 52	 48	
2	 Sisal	inlay/knitted	Jute	 110	 8	 4	 32	 53	 47	
3	 Jute	inlay/knitted	flax	 110	 8	 4	 32	 40	 60	
4	 Woven	coir	 90	 0.9*	 0.8#	 N/A	 59	 41	






























(1) Sisal inlay/knitted flax (2) Sisal inlay/knitted jute (3) Jute inlay/knitted 























1	 Sisal	inlay/knitted	flax	 97.6	 5.0	 19.35	 1380	 5	
2	 Sisal	inlay/knitted	Jute	 97.4	 5.3	 18.52	 1310	 5	
3	 Jute	inlay/knitted	flax	 43.8	 5.4	 8.18	 1180	 5	
4	 Woven	coir	 16.6	 13.2	 1.26	 900	 4	
5	 Warp	knitted	polyester	grid	 106.2	 22.0	 4.83	 430	 1.5	
	
It	can	be	seen	that	the	tensile	strength	of	sisal	 inlay	geotextiles	(1	&	2)	are	comparable	to	




load.	On	examination	of	 the	plot,	 sisal	 and	 jute	 fail	 in	 the	 same	manner.	A	 ‘saw	 toothed’	
failure	 mode	 was	 created	 as	 individual	 inlay	 yarns	 break	 and	 the	 load	 is	 passed	 to	 the	
remaining	yarns.	 The	warp	knitted	polyester	and	woven	coir	 geotextiles	have	 significantly	
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Sisal inlay/knitted flax Sisal inlay/knitted jute
Jute inlay/knitted flax Woven coir
Warp knitted polyester
Sisal inlay/knitted flax y = 0.9273x
Sisal inlay/knitted jute y = 0.8383x
Jute inlay/knitted flax y = 0.9202x
Woven coir y = 0.9442x











	 LBS	–	LBS	(no	geotextile)	 44.0	 1.00	
1	 Sisal	inlay/knitted	flax	–	LBS	 42.8	 0.97	
2	 Sisal	inlay/knitted	jute	–	LBS		 40.0	 0.91	
3	 Jute	inlay/knitted	flax	–	LBS		 42.6	 0.97	
4	 Woven	coir	–	LBS		 43.4	 0.99	
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strength	 of	 both	 the	 sisal	 and	 jute	 inlay	 geotextiles.	 After	 1½	 months	 the	 jute	 inlay	
geotextile	 had	 only	 retained	 about	 11%	 of	 its	 initial	 strength.	 The	 sisal	 inlay	 geotextile	




an	 initial	 reduction	 in	 strength,	 the	woven	 coir	 geotextile	 retained	 on	 average	 82%	of	 its	







A	numerical	example	 is	presented	below	to	 illustrate	how	the	soft	underlying	soil	gains	 in	
strength	over	time;	hence,	demonstrating	that	a	basal	geotextile	would	only	be	required	for	
a	 limited	 time	period.	 The	 finite	 difference	 software	 package	 that	was	 used	 to	 develop	 a	
numerical	 solution	was	 FLAC,	which	 stands	 for	 Fast	 Lagrangian	 Analysis	 of	 Continua.	 This	
software	 package	 was	 developed	 by	 the	 Itasca	 Consulting	 Group,	 Inc.	 In	 this	 model,	 the	



































1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21
Embankment loading
10 m (half width of embankment) 
= vertical displacement (yd)
= pore pressure (pp)












Dry density, ρ = 1.6 Mg.m-3 
Drained poisson’s ratio, u = 0.2 
Bulk modulus, k =16x103 kN.m-2 
Soil constant, mm, M=1.0 
Slope of normal consolidation line, λ = 1.0615 
Slope of elastic swelling line, k = 0.0784 
Pre-consolidation pressure, mpc = 160	kN.m-2 
Reference pressure, mp1 = 1 kN.m-2 





Surcharges	 relating	 to	 embankment	 heights	 of	 3,	 6	 and	 9	m	were	 considered,	 and	 these	
were	 modelled	 as	 being	 applied	 instantaneously.	 The	 underlying	 soil	 was	 modelled	 as	 a	
Cam-clay	material,	using	the	properties	shown	on	Figure	9.	Mechanical	boundary	conditions	




displacements	 in	the	soil	were	monitored	at	the	three	 locations	shown	on	Figure	9,	 i.e.	at	




locations	 considered	 for	 the	 simulated	 embankment	 at	 3	 m	 high	 (similar	 plots	 were	
obtained	 for	 the	other	heights).	The	monitoring	of	pore	water	pressure	showed	that	over	
time	 the	 excess	 pore	 water	 pressure	 generated	 by	 the	 simulated	 embankment	 load	
dissipated.	As	this	occurred,	the	effective	stress	 increased	 illustrating	the	fact	that	the	soil	
gained	strength	as	consolidation	and	drainage	took	place.	The	point	at	which	the	effective	
stress	 line	 crosses	 the	 corresponding	 pore	 pressure	 line,	 indicates	 that	 the	 soil	 at	 this	
location	 has	 gained	 sufficient	 strength	 to	 become	 stable.	 Hence,	 sufficiently	 strong	 to	
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For	 the	 3	 m	 high	 embankment,	 stability	 is	 achieved	 in	 20	 days	 at	 the	 centre	 of	 the	
embankment,	 and	 14	 days	 at	 the	 toe.	 As	 embankment	 height	 is	 increased	 the	 time	 for	
stability	 also	 increases.	 In	 addition,	 the	 time	 to	 reach	 stability	 at	 the	 toe	 becomes	 the	













As	 part	 of	 this	 research	 project	 a	 novel	 directionally	 structured	 weft	 knitted	 vertical	 inlay	
geotextile	 structure	 was	 manufactured	 from	 various	 vegetable	 fibres	 for	 short-time	 soil	
reinforcement	 applications.	 This	 structure	 was	 principally	 design	 to	 have	 the	 highest	





geosynthetic	 product	 tested	 under	 identical	 conditions;	 with	 strength	 values	 of	
around	 100	 kN.m-1.	 Also,	 the	 novel	 LLGs	 were	 up	 to	 six	 times	 stronger	 than	 the	





initial	 strength)	 when	 subjected	 to	 the	 worst	 deterioration	 environment	 under	
consideration,	i.e.	cycles	of	wetting/drying.			
	
From	 the	 simplistic	 finite	 difference	 embankment	 analysis,	 it	 has	 been	 shown	 that	 the	
timescale	for	effective	stress	conditions	to	govern	ranged	between	20–30	days	at	the	centre	
of	the	embankment	to	14–104	days	at	the	toe,	depending	on	the	height	of	the	embankment	












of	 geotextile	 until	 synthetic	 fibres	 enabled	 diverse	 use	 and	 applications	 for	 geotextiles	 to	
emerge.		The	key	to	developing	geotextiles	from	vegetable	fibres	is	the	concept	of	designing	by	
function,	i.e.	to	identify	the	functions	and	characteristics	required	to	overcome	a	given	problem	
and	 then	 manufacture	 the	 product	 accordingly.	 Provided	 the	 function	 can	 be	 satisfied	
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